Branched-chain amino acids (BCAA), Leu, and the signaling pathways they regulate have been reported to either improve or worsen adiposity and insulin sensitivity. Therefore, it is unclear whether dietary supplementation of Leu would be beneficial. To help address this question, we examined the effect of adding Leu (150 mmol/L; Expt. 1 and Expt. 2) or BCAA (109 mmol/L of each; Expt. 3) to the drinking water on diet-induced obesity (induced with a 60-kJ% fat diet) in singly housed C57BL6/J male mice for at least 14 wk. Liquid and solid food intakes were evaluated weekly along with body weight. During the last few weeks, several blood samples were taken at different times for plasma glucose, total cholesterol, or Leu measurements. Metabolic rate by indirect calorimetry, locomotor activity by light beam breaking, body composition by H1-NMR, and insulin tolerance were also determined. Compared with control, supplementation did not affect body weight, food intake, oxygen consumption, locomotor activity, body composition, insulin tolerance, or total cholesterol. In fed mice, this method of Leu supplementation only increased plasma Leu by 76% when the supplemented group was compared with control. On the other hand, after overnight food deprivation, the plasma Leu did not differ between these 2 groups, even though the mice in the supplemented group had continuous access to Leu-containing water during the solid food deprivation. Taken together, the results do not provide evidence that either Leu or BCAA supplementation of drinking water ameliorates diet-induced obesity in mice, although it may improve glycemia. J. Nutr.
Introduction
The use of high-protein diets or dietary supplementation with branched-chain amino acids (BCAA) 4 or Leu has been explored for therapeutic intervention of obesity and body weight control (1, 2) . Similarly, Leu has been shown to decrease food intake through activation of mammalian target of rapamycin signaling in the hypothalamus (3) and increases the prandial rise in the satiety hormone, leptin (4) .
Supplementation of dietary protein, BCAA, or Leu has also been reported to affect energy expenditure. Diet-induced thermogenesis in response to protein ingestion does not appear to be solely due to heat released from digestion; even BCAA or Leu alone increase thermogenesis when administered i.v. or orally (5, 6) . Leu and BCAA improve body weight control when coupled with exercise or energy restriction (7) (8) (9) . In light of these findings, it would seem reasonable to expect that Leu supplementation would alleviate obesity.
However, a review of the supplementation literature concluded that the data supporting this efficacy were promising, although not entirely consistent (1) . A potential caveat is that persistently overactivating mammalian target of rapamycin nutrient signaling through overnutrition, as might occur with chronic dietary supplementation of amino acids or Leu, has been implicated in Ser phosphorylation of IRS1 leading to insulin resistance and worsening of diabetes (10, 11) . Another paradox is that BCAA are already elevated in obesity and their concentrations decline in response to a weight loss intervention [for review, see (12) ]. Thus, further studies are needed to understand the therapeutic potential of BCAA supplementation for obesity.
To begin to address this question, we examined the effects of supplementation by adding near-saturating concentrations of Leu or BCAA to the drinking water of C57BL/6 mice provided a 60% high-fat diet. We measured longitudinal changes in body weight, food intake, insulin sensitivity, fasting plasma glucose, metabolic rate, body composition, and total plasma cholesterol during the development of diet-induced obesity.
Methods
Animal and treatment protocol. The Penn State College of Medicine Institutional Animal Care and Use Committee approved the animal protocols in this study. Three experiments were conducted with different cohorts of 6-to 7-wk-old C57BL/6J mice. This strain was used because they develop obesity and insulin resistance in response to a high-fat diet (13) . Mice were purchased from Jackson Laboratories and maintained at our facility for a minimum of 1 wk before the start of treatments of Harlan Teklad 2018 Global 18% Protein Rodent diet (14) . The light cycle for the mice began at 0700 and the dark cycle began at 1900. Mice were caged separately with free access to food and water or other liquid as indicated below.
In each of the 3 experiments, body weight, food intake, liquid intake, and Leu intake were measured weekly for 14-15 wk. The starting body weights ranged from 17.1 to 22.1 g in Expt. 1, from 21.1 to 25.0 g in Expt. 2, and from 16.5 to 23.7 in Expt. 3. Food and fluid consumption were measured every week for 2-d periods. Food remaining in cages and crumbs were weighed and accounted for. The water or liquid supplements were provided by means of graduated cylinders topped with a 1-hole rubber stopper holding a metal drinking nipple. To account for fluid spillage (generally 1-2 mL/2 d), a graduated cylinder with a drinking nipple was hung on an empty cage. Leu intake was calculated from the fluid and food concentration (2.3 g Leu/100 g of the D12492 high-fat diet). BCAA provided as crystals or flakes were ground to a fine powder with a ceramic mortar and pestle to improve solubility.
In Expt. 1, mice were allocated to 1 of 2 experimental groups: HF (control group; n ¼ 12 mice) or HF1Leu (experimental group; n ¼ 12). HF mice were provided free access to a high-fat diet containing 60 kJ% fat [D12492, Research Diets; previously described in (14) ] and drank water ad libitum throughout the study. The HF1Leu group was treated the same prior to t ¼ 0 wk, when their water switched to Leu containing water at a concentration of 150 mmol/L. During the last few weeks, various endpoints were measured in the days following weekly body weight and intake measurements. These included calorimetry, locomotor activity assessment, and insulin tolerance tests. On 1 occasion, blood was taken for plasma amino acid analysis from fed mice. On several other occasions, blood was taken after a period of food deprivation (5 h or overnight as indicated). These were timed to have the least effect on weekly food intake and body weight measurements.
Expt. 2 was designed similarly to Expt. 1 except that there were 15 mice in each group. During the last few weeks, calorimetry, locomotor activity assessment, body composition measurement, and an insulin tolerance test were measured. At 2 times during this period, blood was taken after the 5-h period of food deprivation. However, a difference from Expt. 1 is that the Leu was removed from the water during the food deprivation period.
The methods for Expt. 3 are found in the Supplemental material.
Blood glucose and insulin sensitivity. Blood glucose concentration was measured from the tail vein with Glucometer ONETOUCH Ultra (Life Scan, Johnson & Johnson). Insulin tolerance tests were performed in 5-h food-deprived mice. We measured blood glucose just before and 30, 60, 90, and 120 min after t ¼ zero, i.e. the time when the mice received an intraperitoneal injection of insulin at a dose of 5.2 pmol/g body weight (human insulin, Eli Lilly, 5.2 pmol ¼ 0.75 mU).
Energy expenditure and activity. Energy expenditure was assessed using indirect calorimetry for 24 h following a 2-h acclimatization period as previously described (15) . Constant airflow (0.6 L/min) was drawn through the chamber and monitored by a mass-sensitive flow meter. The concentrations of oxygen and carbon dioxide were monitored at the inlet and outlet of the sealed chambers to calculate oxygen consumption and RQ. Each chamber was measured for 1 min at 15-min intervals. Locomotor activity was measured using infrared technology (OPT-M3, Columbus Instruments). The counts of 3-dimensional beam breaking (X total, X ambulatory, and Z) were calculated using movement detection software provided by Columbus Instruments.
Body composition. Body composition was determined using an LF90 Minispec Time Domain Nuclear Magnetic Resonance Spectrometer (Bruker Optics).
Analytical procedures. Plasma concentrations of triglyceride and cholesterol were measured using a Vitros Chemistry Analyzer (OrthoClinical Diagnosis). Plasma amino acid concentrations were measured using fluorometric HPLC methods (15) .
Statistical analysis. Data are reported as means 6 SEM. In all statistical tests, differences were considered significant at P , 0.05. The ANOVA repeated-measures test (Prism, GraphPad Software) was used to determine differences between the control (HF) and experimental (HF1Leu) groups when endpoints were measured repeatedly over time. These endpoints included body weight, food intake, Leu intake, and time points in the insulin tolerance test. Differences between the control (e.g. HF) and experimental (e.g. HF1Leu) groups in body composition, O 2 consumption, RQ, locomotor activity, and plasma analyte concentrations were assessed using a 2-tailed t test (InStat3, GraphPad Software). Calorimetry and locomotor activity data were analyzed for differences over the whole day and during only the light cycle or dark cycle. Post hoc power analysis of the body weight data for wk 14 for an a ¼ 0.05 (2-tail) was performed using the Statmate computer program (Graphpad software).
A Pearson correlation analysis (Prism, GraphPad Software) was performed to correlate the individual body weight and plasma cholesterol values from Expt. 2. The analysis provided the following for each group: the slope 6 SEM, r 2 , and an the results of an F-test, for which a P-value is provided, to assess the difference in the slope from zero. A t test was then used to determine differences in the HF and HF1Leu slopes from each other.
Results
Body weights were not significantly different at any time between the HF and HF1Leu groups in either Expt. 1 or Expt. 2 (Supplemental Fig. 1 ). The amount of food consumed also did not differ (Supplemental Fig. 2 ). Our protocol for Leu supplementation more than doubled the daily Leu intake in the HF1Leu group compared with the HF group ( Fig. 1 and data not shown for Expt. 1); however, it did not affect fluid intake per se (data not shown). Post hoc power analysis of the 2 Leu experiments indicated they had 80% power to detect an ;11-12% difference in body weight at wk 14 between the HF and HF1Leu groups. Supplemental Fig. 3) . O 2 consumption, RQ, and locomotor activity did not differ between the HF and HF1Leu groups. Light to dark cycle changes in activity, RQ, or VO 2 also did not differ between these 2 groups. Body composition was assessed at wk 8 and 16. Chronic Leu supplementation did not change the proportion of fat or lean tissue when the HF and HF1Leu groups were compared (data not shown).
Total cholesterol and triglyceride. Leu supplementation did not cause a significant difference in the plasma cholesterol or triglyceride concentration between the HF and HF1Leu groups. Plasma total cholesterol was 3.98 6 0.21 mmol/L in HF compared with 3.80 6 0.16 mmol/L in HF1Leu group at wk 13 after the overnight food deprivation. In Expt. 2, plasma total cholesterol was 4.95 6 0.14 mmol/L in the HF group compared with 4.63 6 0.16 mmol/L in the HF1Leu group on wk 15 after the 5 h of food deprivation. The plasma triglyceride concentration in Expt. 1 was 0.67 6 0.031 mmol/L in the HF group compared with 0.70 6 0.049 mmol/L in the HF1Leu group at wk 13 after the overnight food deprivation. In Expt. 2, plasma triglyceride was 0.88 6 0.057 mmol/L in the HF group compared with 0.82 6 0.035 mmol/L in the HF1Leu group on wk 15 after the 5 h of food deprivation.
Plasma glucose and insulin sensitivity. Plasma glucose was measured weekly during the last 2 or 3 wk of Expt. 1 and 2 after either overnight or 5 h of food deprivation ( Table 1) . The plasma glucose concentration was 9-12% lower in the HF1Leu group compared with the HF group in Expt. 1, but the groups did not differ in Expt. 2 (Table 1 ).
An insulin tolerance test was performed in the last few weeks to assess insulin sensitivity between the HF and HF1Leu groups in Expt. 1 (data not shown) and Expt. 2 ( Supplemental Fig. 4) . Percent changes in the plasma glucose concentration after insulin injection did not differ between the groups in either experiment.
Plasma amino acid concentrations. The concentrations of amino acids in plasma were determined in the fed state near the end of Expt. 1 (Fig. 2) . Fed plasma Leu concentration was 76% higher in the HF1Leu group compared with the HF group, whereas the valine, glycine, and arginine concentrations were significantly lower in the HF1Leu group compared with the HF group. Plasma Leu concentrations were also measured after overnight food deprivation. In this case, plasma Leu did not significantly differ between the HF and HF1Leu groups (data not shown).
Variability of body weight and correlation of body weight with plasma total cholesterol. In both experiments, there was large variability in the body weight response to high-fat feeding (Supplemental Fig. 5) . Thus, body weight increases ranged from 16 to 20 g in the HF and HF1Leu groups of both experiments, even though the mice started with a narrow weight range of a few grams. There was no significant correlation between the starting and wk 15 body weights in either experiment (data not shown). Thus, the variability in the end body weights appears to represent variability in the response (i.e. change in body weight) to high-fat feeding.
Individual plasma total cholesterol concentrations and wk 15 body weights, from either the HF group or HF1Leu group, were significantly correlated (Fig. 3) . However, the best fit slopes for the HF group (0.066 6 0.020) and for the HF1Leu group (0.088 6 0.015) did not differ.
Discussion
We examined the effect of supplementing drinking water with saturating concentrations of Leu or BCAA on diet-induced obesity in C57BL6 mice. Neither Leu nor BCAA supplementation affected body weight or body composition. Not surprisingly, other obesity-related metabolic endpoints were similarly unaffected by these interventions. Plasma glucose was significantly lower when measured at several times during the last few weeks of Expt. 1, but not in Exp 2 or 3. However, in the latter experiments, the Leu or BCAA was removed from the water during the food deprivation period. Because plasma glucose has been shown to decline in response to BCAA or Leu in studies from several laboratories and in different species, the glucoselowering effect would seem to warrant further mechanistic studies (16) [for review, see (2)].
As mentioned earlier, several previous studies have observed improved body weight control after Leu or BCAA supplementation (2,7-9,16). Thus, we were surprised by the lack of effects of Leu and BCAA supplementation on body weight in our study. This may relate to the mode of supplementation we employed. Because the solubility of the BCAA in drinking water is relatively limited (e.g. compared with other amino acids), the average Leu concentration in plasma from the supplemented (HF1Leu) mice Leucine water and diet-induced obesity in mice 717
was only 76% higher than that of the HF group. Although this was significant in mice with free access to food, it was not significantly different when the mice were food deprived. Thus, we cannot be sure that plasma Leu is always elevated with this type of supplementation. In comparison, prandial Leu concentrations increased by 2-300% in meal-trained rats (4). In mitochondrial branched-chain aminotransferase isozyme (BCATm) knockout mice, which had strong effects on insulin sensitivity and body weight, Leu concentrations were typically elevated by ;400-3100% depending on the diet provided (15) . Therefore, the concentration of Leu we achieved in this study may not be great enough to observe the changes in body mass observed in other studies.
Another difference between this and some of the previous studies is that, in some cases, Leu supplementation was coupled to some other intervention such as dietary restriction or exercise. Alternatively, supplementation was provided in the solid portion of the diet by providing proteins with extra BCAA (7, 9) .
On the other hand, the design of our study is similar, although not in all respects, to a recent study by Zhang et al. (16) . In their study, Leu supplementation in drinking water was associated with an ;8-10% difference in body weight following high-fat feeding. We used an identical high-fat diet and even slightly more Leu in the water than that study, so the results of each of these studies are inconsistent. One difference between the 2 studies is that the housing for the mice was somewhat different. Ours were singly housed during the entire study, whereas Zhang et al. (16) only housed singly for 14 d near the end of the study to measure food intake. Single housing is known to cause stress in mice and might have influenced our results and thereby explain these differences. Another difference is that the number in the study by Zhang et al. (16) was only 5 per group. This could be a potential factor because several groups have reported large inter-mouse variability in the responses of C57BL6 mice to high-fat diet feeding (17) (18) (19) (20) . For example, Koza et al. (18) reported considerable variability in the response of 107 mice to high-fat feeding. The magnitude of that variability was similar to what we observed here. In both our present study and previous studies by others (17) (18) (19) (20) , cohorts of mice could be selected that significantly differed in their response to high-fat feeding compared with other mice fed the same diet. This variability in the response to high-fat feeding appears to arise from epigenetic factors (18) .
The random chance of a type 1 error (e.g. having a sample mean and SD that is different from the population) is increased as the variability of the response increases and the sample size decreases. If such an error occurred, body weight related responses such as adiposity, VO 2 , insulin sensitivity, and plasma cholesterol (shown here and elsewhere to correlate with body weight) would be expected to follow.
In the present study, rates of oxygen consumption were typically within the range of 2000-3000 mLÁkg 21 
Áh

21
, consistent with our previous study (15) , and typical for mice of this strain, the diet and daily food intake (e.g. 21, 22) . These were not affected by Leu supplementation in contrast to the significant effects observed by Zhang et al. (16) ). This is far greater than their reported energy intakes, suggesting a systematic calorimetry problem.
In conclusion, our study suggests that neither BCAA nor Leu supplementation of water leads to a significant reduction in body weight or plasma cholesterol in response to high-fat feeding. If Leu is able to stimulate diet-induced thermogenesis, a higher plasma Leu concentration may be needed throughout the day to see a significant effect on body weight, because plasma Leu elevation achieved by supplementation of the drinking water was not as high as that observed in BCATm knockout mice. To achieve such concentrations, an inhibitor of BCATm might be needed in addition to supplementation.
